Siltation of reservoirs is a major concern in Zimbabwe. Therefore, development of prediction tools is of great importance. In the present study a recently developed empirical sediment model (HBV-SED) based on a daily rainfall-runoff model was applied to simulate riverine fine sediment transport in a 2 486 km 2 catchment in eastern Zimbabwe. The model performance was evaluated and changes in the model structure were suggested. The modelling was, however, associated with many uncertainties due to the adopted simplification of transport processes. An analysis of the model structure and a comparison with the rating curve function was done. The required length of data for calibration purposes was evaluated and model validation through split sample and proxy basin comparison was performed. Furthermore, since the empirical model was dependent on monitored runoff and fine sediment concentrations for calibration purposes, a field measurement campaign was conducted to assess the accuracy of observed data at the station studied. The field measurements showed large errors in monitored runoff and fine sediment concentrations for the 1998/ 99 wet season, which illustrated the uncertainty in predictions of fine sediment transport based on observed data. The HBV-SED model, which was applied over a period when data were believed to be fairly accurate, simulated the fine sediment transport volume well for the validation period if it was calibrated for a minimum of four years. A shorter calibration period led to a significant increase in prediction uncertainty. The model failed to simulate individual high fine sediment peaks accurately mainly due to poor performance of the rainfall-runoff model on a daily time-scale even if the seasonal flow dynamics were described properly. In the studied catchment the HBV-SED model application resulted in equally poor R 2 -values as the rating curve technique, while the estimated fine sediment volume was more accurate.
Introduction Background
Sediment transport in natural streams is a problem all over the world and a major concern in southern Africa. Apart from loss of valuable top soils three problems can be distinguished (see e.g. Chenje and Johnson 1996):
• deposition of sediment material (siltation) in reservoirs which decreases the storage capacity and thus also the potential water yield • reduced primary production of plankton and altered bottom vegetation due to turbidity caused by high sediment concentrations • increased transport of pollutants, for instance pesticides, heavy metals and nutrients, which are adsorbed to the sediment particles.
In addition, flooding, due to river meandering and buried wetlands has been reported as threats caused by riverine sediment loads (Chabwela, 1991) . Siltation of reservoirs, in particular, has significant economic impacts (e.g. Lahlou, 1996) . Although sediment transport is generally considered when new reservoirs are constructed, many examples of extreme reservoir sedimentation are reported in the literature. ). Heavy riverine sediment yield is also reported in many other countries; 2 000 to 25 000 t·km In Zimbabwe, the problem of erosion and siltation of reservoirs has been a major concern over a long period of time (e.g. Hudson 1957; Ward, 1980) . An increasing population creates a demand for additional reservoirs for water storage and contributes to accelerated erosion due to further cultivation and an increased number of livestock. Recently several new dams have been constructed in the erosion-prone areas of the country despite the risk of rapidly decreasing capacities due to siltation. A countrywide reservoir siltation survey in the 1980s displayed rates of 10 to 704 t·km -2 ·yr -1 (NORAD, 1983) . Despite the gravity of the problem no attempts have so far been made to predict riverine sediment transport in Zimbabwe using deterministic models. Development and tests of prediction tools of this kind are therefore called for. In the present study a deterministic empirical model for fine suspended sediment transport was applied to the Odzi River basin (2 486 km 2 ) located in the eastern mountainous part of Zimbabwe.
Estimation of sediment transport
Riverine sediment transport may be divided into bedload and suspended load. Some authors further divide the suspended load into current-related load and washload. The washload particles are near to permanently in suspension because of the low falling velocity for small grain sizes and can be transported over long distances. The relative importance of the different types of sediment transport is highly dependent on catchment characteristics, e.g. grain size distribution and river slope, and is specific for each river basin.
Using the runoff duration curve, profile data and grain size distribution from the river bed at the E61 station in Odzi River, well-known transport formulas (Bagnold, 1966; Engelund and Hansen, 1967; Ackers and White, 1973; Van Rijn, 1984) give an average total bedload and current-related transport of 51 to 145 t·km . This shows that the fine sediment contributes in the order of 40 to 65% of the total sediment transport in the river, thus indicating the importance of fine suspended sediment transport.
The fine sediment component can, however, not easily be estimated by formulas similar to the ones for current-related transport since it depends mainly on the availability of eroded material in the catchment and the transport routes to the river network. This is partly confirmed by the fact that very little clay and silt particles were found in the riverbed at the E61 station or in the upstream riverbeds (Karlsson and Rahmberg, 1999) . Variables such as rainfall intensity, soil, land use, relief and human impact must therefore be considered (e.g. Stocking and Elwell, 1973a ). An erosion model Soil Loss Estimator of Southern Africa (SLEMSA) has successfully been developed for Zimbabwe (Stocking and Elwell, 1973b; Elwell, 1981) and the Modified Universal Soil Loss Equation (MUSLE) (Williams, 1975 ) is used for sediment yield estimation in the Agricultural Catchment Research Unit (ACRU) model system, which has been applied widely in southern Africa (Schulze, 1995) . However, the unknown delivery ratio from field to river restrains the use of erosion models for prediction of riverine transport. Distributed conceptual or physically-based erosion and sediment transport models; e.g. Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) (USDA, 1980) , (ANSWERS) (Beasly et al., 1980) , The European Soil Erosion Model (EUROSEM) (Morgan et al., 1998) and the sediment model version of the Système Hydrologic Europe (SHESED) (Wicks and Bathurst, 1996) , are restricted in their applications because of their large requirements of input data and computer power (Lørup and Styczen, 1996) . Fine sediment is therefore often estimated by simple relationships such as the sediment-rating curve (e.g. Gregory and Walling, 1973) or by the aid of empirical models. An empirically-based approach was recently suggested by Lidén (1999) , who used a catchment-scale hydrological model combined with a supply-based sediment model which was calibrated against observed data to simulate riverine sediment transport. Empirically-based models usually meet the limited data availability often experienced in developing countries, but include uncertainties because of the adopted simplifications of the natural transport processes.
Further difficulties for estimation of riverine fine sediment and sediment transport are the errors in measured transport. Van Rijn (1993) states that prediction accuracy smaller than a factor 2 for sediment transport is difficult due to measurement errors. Runoff stations located in rivers prone to sediment transport very often suffer from unstable bed conditions or siltation of weirs. The relationship between the monitored water stage and the associated runoff changes with time, resulting in major uncertainties in the observed runoff data. In Zimbabwe this problem is seen at many runoff stations. Moreover, water quality sampling is generally done occasionally with simple tools despite the temporal and spatial variation of sediment concentrations. The method applied in Zimbabwe is to lower a milk bottle into the most reachable turbulent part of the stream, which often means close to the riverbank.
Objectives
The objectives of this study were threefold:
• Simulate the fine sediment transport (defined as clay and silt particles) for a large-scale catchment in Zimbabwe through the approach proposed by Lidén (1999); • Develop and evaluate the methodology for Zimbabwean conditions, and • Assess the uncertainty in the prediction of fine sediment transport due to both measurement errors and model shortfalls.
Materials and methods

Study area and data base
The catchment studied, the upper Odzi River in the eastern mountainous areas of Zimbabwe ( Fig. 1) , is one of the most erosion-prone areas in the country (Stocking and Elwell, 1973a) . Total catchment area is 2 486 km 2 ; altitude difference is large, 950 to 2 160 m a.s.l.; geology is dominated by granitic bedrock and insitu weathered sandy soils; population density is above 60 persons per km 2 in large parts of the catchment; land use is a mixture of communal lands, commercial farms and forests; main crops are tobacco and wheat on the commercial farms and maize, rapocko and sorghum on communal lands where the number of livestock is high. The climate is seasonal with a rainy season from November to March. Average rainfall is 700 to 2 000 mm·yr -1 and average runoff is 150 to 400 mm·yr -1 , the upper mountainous parts receiving the highest amounts. The irregular seasonal availability of water has led to the establishment of irrigation systems. River abstractions, canals and small weirs are commonly found in the catchment. The three main reservoirs on the Odzi River are Osborne, Smallbridge and the Odzani. The Odzani and Smallbridge provide the city of Mutare with freshwater, while the Osborne Dam (not shown in Fig. 1 ) was constructed in 1990 for downstream irrigation purposes. The dam, which is located just downstream of the Nyatanda and Odzi confluence, has a total capacity of 400 Mm 3 and acts as a sediment trap for a large part of the catchment. Because of Osborne's effect on the runoff and sediment transport at the outlet of the catchment, the period studied was chosen prior to the construction start of the dam. The runoff station studied in detail, E61, was established in 1960 when a gauging tower equipped with an automatic recorder was constructed at the station. The river width is approximately 100 m and the river slope is 0.14%. The runoff station has a natural control close to the gauging tower and the original rating curve was established through current meter measurements during 1961 to 72. An updating of the rating curve was done in 1978 after flow gauging with tritium (Wurzel and Ward, 1982) . Daily runoff data are available at E61 since 1962 with only short gaps in the record. Sediment sampling through lowering a bottle at the riverbank (grab sampling) was performed during the rainy seasons between 1978 and 1987 at the gauging tower. During low flows, one sample per day was taken, while during high flows or changing flows, several samples per day were collected. The concentration of fine sediment was determined from spectrophotometric absorbance, which was calibrated against detailed volume-mass analyses of material passing a 63 µm filter. Table 1 shows the characteristics of observed runoff and fine sediment at station E61 used in this study. Available meteorological data for modelling purposes were daily rainfall data from 23 rainfall gauges ( Fig.1 ) and monthly evaporation from three A-pans located within or adjacent to the catchment studied. Additionally to data from E61, daily runoff data were available from a further 12 runoff stations within the study area (Fig. 1) .
Fine sediment modelling
The HBV-SED model (Lidén, 1999 ) is based on the latest variant of the Hydrologiska Byråns Vattenbalansmodell (HBV-96) rainfallrunoff model , which can be classified as a semi-distributed conceptual hydrological model. It uses sub-basins as primary hydrological units in which an area-elevation distribution and a crude classification of land use (dense vegetation, open areas, and lakes) are made. The hydrological model has a number of free parameters, values of which are found by calibration against river runoff. It is usually run with daily time steps and input data are daily precipitation and average monthly potential evaporation. Areal averages of the climatological data are computed separately for each sub-basin by a simple weighing procedure and the rainfall data is further corrected for elevation by constant lapse rates. Reservoirs are described in the model set-up through storage curves, spillway rating curves and regulation schemes and further artificial influence, e.g. bifurcation and abstractions, is included through simple model routines. A more detailed description of the HBV-96 hydrological model structure and applications is found in Bergström, 1995; Lindström et al., 1997.
The HBV-SED model uses daily areal precipitation and river runoff for each sub-basin as input data from the hydrological model. It consists basically of two parts: an accumulation and a release routine. The accumulation of available sediment in each sub-basin is a function of the areal precipitation in the sub-basin. A linear relationship between the log values of sediment production and rainfall is used and the accumulation routine is run continuously, adding mobilised sediment to the sediment storage that is available to be flushed out. The release routine discharges fine sediment at the outlet of each sub-basin depending on river runoff and the amount of stored sediment. The model equations, based on the principle of continuity, are:
where:
) is the sediment storage,
) is the release rate, 
for all sub-basins are summed each day to get the total yield for the whole catchment, assuming no further deposition in the main river channels. The model parameters are determined through calibration against observed riverine fine sediment concentrations. For further details about the HBV-SED the reader is referred to Lidén (1999) .
In the original model development the model erosion parameters a and b were used to describe the erosion characteristics in the whole catchment, thus lumping the effects of soil erodibility, slope, land use and vegetation. The results obtained by Lidén (1999) , who applied the model to a small (200 km 2 ) tropical mountainous catchment in South America, were satisfactory despite this crude model approach. However, for the semi-arid conditions in Zimbabwe and the large scale, this simplification was judged to be too crude and the following developments were suggested:
• A correction factor (Fig. 2a) for erosivity due to slope, soil type and land use was applied to the accumulation of sediment in each sub-basin. The correction factor was based on erosion classes (1 to 5) as described by Stocking and Elwell (1973a) where 1 and 5 denote low and high erosion hazard, respectively. The erosion class for average slope, soil and land use was merged together by the mean value to get an erosion index (EI) for each sub-basin. • A reduction factor (Fig. 2b) for vegetation cover during the wet season was applied to the accumulation of sediment in each sub-basin based on the HBV-96 simulated soil moisture deficit and assuming a relation between soil moisture and vegetation cover. The reduction factor is controlled by a free model parameter, since the relation between soil moisture deficit, vegetation and soil-binding effect is assumed to vary with the catchment characteristics.
For the applications in the present study, the coefficient a in Eq. (1) thus becomes:
where: RC (dimensionless) is the HBV-96 estimate of the area with no soil moisture deficit in a catchment, EI (dimensionless) is an erosion index based on slope, soil and land use, a´ (t mm ) and e (dimensionless) are empirical parameters and t (d) is a time variable.
A further development of the HBV-SED model was an automatic calibration routine for the sediment parameters based on the Brent optimisation routine (Brent, 1973) and a calibration procedure similar to the one used for the HBV-96 hydrological model (Harlin, 1991; Lindström, 1997) . A criterion combining both the explained variance for sediment concentration R 2 conc and total volume error VE for sediment transport was used to find the optimum parameter set:
[5] where:
The HBV-96 hydrological model was set up for the upper Odzi catchment down to the E61 station using observed daily rainfall and monthly A-pan evaporation as input data. Rainfall data were corrected with 5% per 100 m increase in altitude, based on an analysis of adjacent rainfall gauges. An A-pan coefficient of 0.8 was applied to evaporation data. Two-land use categories were used, namely open fields and forested areas. River abstractions were included according to historical records of water rights. The Odzani and Smallbridge Reservoirs were described regarding capacity and regulation procedures. Calibration of the hydrological model parameters was done against daily runoff data from the 13 runoff stations for the period October1978 to September 1983. The HBV-SED model was set up for the upper Odzi catchment using a sub-basin division with 12 sub-basins of similar size (Fig. 3) for which erosion classes were calculated (Table 2 ). For each subbasin, hydrological parameters were set according to the calibration done for the closest river with a runoff station and station weights were defined based on geographical locations of the rainfall gauges. Since the Odzani and Smallbridge Reservoirs are deep and fairly large, they were assumed to have 100% trap efficiency, thus making no contribution to the fine sediments downstream. The original HBV-SED model as well as the version including the new correction factors (Fig. 2) were then calibrated against observed daily fine sediment at the E61 station using the new automatic calibration routine. The sediment parameters were assumed to be lumped for the whole Odzi catchment and the model was run for a six-year warm-up period to avoid effects from starting conditions.
The fine sediments at E61 simulated by the HBV-SED was compared with the fine sediments computed by two conventional [ ] ) is river runoff α, β, α´ and β´ are empirical coefficients.
The coefficients α and β in Eq. (8) were optimised for the calibration period by the method of least squares for log-transformed fine sediment concentration and runoff and a correction for transformation bias (Duan, 1983) was applied. For Eq. (9) the runoff was divided into ten runoff classes for which the average runoff and fine sediment were calculated. α´ and β´ were then optimised for the calibration period in the same way as α and β but using the average runoff and fine sediment for the runoff classes. The latter method has the advantage of reducing the influence of the frequent low fine sediment values in records with a skewed distribution (Jansson, 1996) .
The main differences between the HBV-SED model structure and the rating curve techniques are:
• The driving variable for the generation of fine sediment in HBV-SED is rainfall instead of river runoff.
• HBV-SED simulated riverine fine sediment concentration depends on the amount of fine sediment storage, i.e. the model is supply-based, giving possibilities to describe the hysteris effect often found for sediment transport.
• HBV-SED is driven by local variables for each sub-basin, i.e. generation and release of fine sediment is different in different parts of the catchment depending on the spatial rainfall and runoff distribution.
Simulated runoff and fine sediment were validated during the independent validation period October 1983 to September 1987. HBV-96 simulated runoff was used to calculate fine sediment transport during the validation period for the sediment rating curve methods.
Analysis of uncertainties
There are several uncertainties present in the prediction of fine sediment transport using a model approach such as the HBV-SED. However, in this study three uncertainties were emphasised and evaluated:
• Systematic errors in observed runoff, which yield wrong parameters for the empirically-based hydrological model. • Systematic errors in the observed fine sediment, which yield wrong parameters for the empirically-based sediment model. • Short data records, which cause model prediction uncertainty for the independent validation period.
It was further assumed that, for the river studied, the main error in observed runoff was due to an incorrect relation between the monitored water stage and the actual runoff and the main error in observed fine sediment was due to a non-representative sampling position by taking only grab samples at the riverbank.
To evaluate the accuracy of observed runoff and fine sediment data, a field measurement campaign was performed at the E61 runoff station. Detailed river flow gaugings were made on 18 occasions in total from a cableway system located 10 m upstream of the gauging tower during the rainy season 1998/99. Standard type current meters were used and WMO gauging standards were followed (WMO, 1980) . Normally the three-point method was applied because of abnormal velocity profiles in the river section and measurements were made at a minimum of 25 measurement verticals across the river section. Depth-integrated sediment sampling with an US-D74 sampler was done during a period of three weeks in January/February 1999. Nine detailed sectional samplings were performed with an average sectioning of 2 m. In parallel to the sectional sampling, grab samples were taken for comparison. Further sampling with a fixed time interval was done to assess the temporal variation of the fine sediment concentration. In total, 219 depth-integrated samples were taken. Subsequent laboratory analyses of the samples were conducted and fine sediment concentrations, defined as the concentration of material passing through a 63 µm filter, were determined through volume-mass estimations of the samples.
To analyse the uncertainties in the HBV-96 and HBV-SED model parameters due to short calibration records, a split sample test was conducted whereby the models were calibrated for different periods during October 1978 to September 1983 and the results of the validation period October 1983 to September 1987 were compared. For the five-year period 15 calibrations were done, 5 one-year, 4 two-year, 3 three-year, 2 four-year and 1 five-year. For the hydrological model, a simplified model set-up, assuming lumped hydrological parameters for the whole Odzi catchment, was used, i.e. only runoff data at E61 were used for calibration. This 
Results and discussion
Field measurements
The current meter gaugings and depth-integrated sediment sampling show both significant errors in monitored data (Fig. 4) . The relative error in observed runoff was inversely proportional to the magnitude of runoff, probably as a result of changes in the river bed from deposition of sediment material after the rating curve had been established. The results illustrate the problems of using natural control stations in rivers with large sediment transport. Considering that the median value for runoff at E61 based on monitored data from 1962 to 87 is 5 m 3 s -1 (Table 1) , it is likely that the total runoff volume, and thus also the monitored fine sediment, during the 1998/99 season is overestimated by a factor of at least 2. Care should be taken when predicting runoff and sediment transport on monitored data from a station, such as E61, if the relation between water stage and runoff is not regularly updated.
The number of detailed sediment gaugings in the section was too small to draw any extensive conclusions regarding the probability distribution of the error in fine sediment concentration when the grab sampling method is applied. The results (Fig. 4) , however, indicate that the error is independent of the amount of runoff and that it is biased towards an underestimation (+10% to -50%) of the concentration compared to the sectional average. The temporal samples taken with the depth-integrated sampler with a 5 or 10 min interval showed that the concentration of fine sediment was fairly stable over time (4%>CV>32%). This indicates that the practice of taking one sample during low flows and a few samples per day during high or changing flows is sufficient to get a fair estimate of the average daily concentration of fine sediment at the river studied. It indicates further that a time step of one day for runoff and sediment modelling is adequate to describe fine sediment transport. It should, however, be pointed out that no extensive rainfall was falling in the adjacent area of the station at the time of the temporal sampling.
HBV-SED model evaluation
Empirically-based models are especially sensitive to systematic errors in observed data since they are transferred through the model by the calibration procedure. Based on the results from the field measurements at E61, an in-depth evaluation of the model performance is associated with difficulties due to the uncertainties in observed data even when modelling was performed with data for the period just after the updating of the rating curve. The evaluation is focused on a qualitative comparison between the HBV-SED models and the rating curve techniques, rather than a quantitative evaluation of the model performance. The optimum parameters for the original HBV-SED version gave a=0.08, b=1.13, c=38.3, d=1.67. When the correction factors described in Eq. (4) were applied, a´=0.12 and e=1.19. The rating curve techniques gave α α α α α=0.30, β β β β β=0.96, α α α α α´=903 and β β β β β´=1.65. The results obtained for the calibration and validation periods are shown in Table 3 and a graphical presentation of the HBV-SED variables is shown in Fig. 5 . The modelling showed poor R 2 -values for fine sediment transport during the independent validation period for all methods applied, which was mainly because neither the HBV-SED nor the rating curves could simulate single high peaks in fine sediment transport (Fig. 5) . The HBV-SED models, however, indicated a better volume estimation of transported fine sediment compared to the rating curve techniques (Table 3) .
The supply-based HBV-SED approach generally gives higher exponent d values for the release function compared to the rating curve exponent β β β β β´ since low concentration values during high runoff at the end of a storm event or at the end of the flow season can be explained by a depleted sediment storage instead of being compensated by a low runoff exponent. The observed optimum values of d and β β β β β´, however, are similar, which indicates that the fine sediment transport in the Odzi River is not dependent mainly on deposition within or close to the river channels. During these conditions, the HBV-SED never empties the sediment storage and the release routine reduces to a sediment rating curve with the intercept α α α α α´=H sed [c] -d , and exponent β β β β β´=d. The storage variable H sed , however, varies with time and the intercept value also varies. H sed can be said to depend on the hydrological memory, which can be seen in Fig. 6 . The storage is high after dry periods while it falls rapidly when a very wet season occurs. The HBV-SED model takes into account the conditions prior to the calibration period, which could be a possible explanation to the better performance for fine sediment transport volume by HBV-SED compared to the rating curve techniques. Using the obtained values of the parameters c and d, Fig. 6 shows that the HBV-SED simulated intercept values vary between approximately 600 and 1 750, which should be compared to the result of the rating curve technique (α α α α α´=903).
Since the HBV-SED model uses a calibration method based on the R 2 W criterion, which emphasises transport volume, the optimal parameter set leads to good model performance during medium to high flows, but overestimated concentrations during low flows (Fig. 5) . If siltation of dams is the main purpose of modelling sediment transport this error is, however, of minor significance since the transport is very low during the low-flow season. The semi-distribution into sub-basins used in the HBV-SED model enables the inclusion of different erosion characteristics for different parts of the catchment using the HBV-SED model. Furthermore, utilising a hydrological model as a base for sediment modelling gives the opportunity to use hydrological variables other than rainfall and runoff. However, for the modelling of fine sediment transport at the E61 site, where data were available for calibration, the inclusion of correction factors for spatial variation in erosivity and seasonal vegetation cover did not yield any improvements (Table 3) . This suggests that when data are available for calibration, one or two parameters are sufficient to conceptually describe the accumulation of sediment in a catchment.
The HBV-96 hydrological model gave low volume errors and explained variances (Nash and Sutcliffe, 1970) between 53 to 87% for the independent validation period at the 13 runoff stations in the catchment, the lower values for the smaller sub-basins. This indicates that a daily conceptual rainfall-runoff model can reasonably well describe the seasonal dynamic of river runoff in the region with daily rainfall data as driving variables, which has also been shown by e.g. Tarboton and Schulze, 1991; Hughes, 1997; Lørup et al., 1998; Smakhtin et al., 1998 . However, for estimation of material transport, the importance of correct runoff on a daily time step is crucial since riverine transport is related to runoff to the power of more than one and the bulk of material can be transported during a few single storm events. Figure 7 illustrates that the single fine sediment peaks are simulated incorrectly due to the error in the runoff modelling, even if the seasonal dynamic of runoff is modelled reasonably well. The double effect of an error in modelled runoff data is, for instance, seen during the transport peak in mid-January 1986 when the HBV-SED model underestimates both the runoff and thus also the fine sediment concentration, causing a major underestimation of the daily transport. The importance of a well-performing hydrological model should therefore be emphasised to obtain a good material transport prediction. HBV-96 model applications throughout Zimbabwe (Mawere et al., 1999) and applications of similar models in the region (Hughes, 1997) have shown that the hydrological model performance decreases for drier areas, indicating that material transport modelling in such areas becomes even more uncertain than in the studied catchment. The uncertainty in model performance both for the hydrological and sediment models because of inadequate calibration data records was illustrated with split sample validation tests, Fig. 8 . The results for the 5-year calibration differ slightly from the result presented in Table 3 since a simplified HBV-96 set-up with lumped hydrological parameters was used. A minimum of four years with concentration data was needed for the HBV-SED model to produce good results for the validation period. Shorter records gave considerable volume errors and the result was dependent on the years that had been used. The HBV-SED model seemed to be more sensitive to short records in the concentration data rather than short runoff records, since the rainfall-runoff model showed relatively low volume errors, even when only one year of observed runoff was used for calibration.
To further analyse the model, a proxy basin validation approach (Klemes, 1986) was adopted using 2 years of independent data from the Nyatanda tributary, Fig. 9 . This test confirmed the previous findings that the model fails to capture individual peaks correctly, but is capable of describing the sediment transport pattern and transported volumes fairly well. The proxy basin test also showed that for ungauged catchments, the accuracy increased when a more sophisticated model was applied ( Table 4) . The more advanced model, including distributed erosion information for the sub-basins (Eq. 4), gave better results, volume-wise, than the original HBV-SED model. These findings are in full agreement with the results of other studies of modelling performance in the region (e.g. Refsgaard and Knudsen, 1996) . Under ungauged conditions an even better result would be expected if a fully distributed model, explicitly utilising information on catchment characteristics, had been adopted.
Conclusions
Detailed measurements of runoff and fine sediment concentration in the Odzi River showed large errors in the continuously monitored data for the 1998/99 wet season, illustrating the uncertainty in fine sediment prediction based on observed data in a sediment-prone river. Empirically-based models are especially sensitive to these errors since they are incorporated in the model by the calibration procedure. Provided the observed data were fairly correct for the period studied, the HBV-SED model, calibrated for a 5-year period, predicted the volume of fine sediment transport reasonably well for the validation period, while it failed to simulate individual peaks accurately. The HBV-SED model gave explained variances similar to those obtained by the rating curve technique, which showed larger volume errors for fine sediment transport. Correctly simulated runoff on a daily basis was shown to be crucial for simulating the short-term dynamics of fine sediment transport.
The obtained HBV-SED parameters indicated that the fine sediment transport in the Odzi River was not significantly dependent on deposition within or close to the river channels, reducing the model's release routine to a sediment-rating curve function. However, the dynamics of the simulated HBV-SED storage variable gave time-varying intercept values for the release function, depending on the hydrological memory in the catchment studied, which resulted in a better volume estimation.
The inclusion of correction factors for spatially varying erosivity and seasonal vegetation cover in the HBV-SED model gave no visibly better model performance compared with the original model structure for the E61 site where observed data were available for calibration. However, the proxy-basin validation of the models at E148 showed that the more complex description of sediment accumulation improved the model results compared with the original HBV-SED model.
The results indicated that the length of the calibration period is of vital importance in the HBV-SED, illustrating the uncertainty in the prediction of fine sediment transport when observed records are short. At the E61 station in Odzi River a minimum of four years of fine sediment concentrations was needed for appropriate simulation of fine sediment transport volumes.
The suggested hydrological modelling approach to long-term sediment transport volume assessment may yield more accurate results than one based on conventional sediment rating curve methodology.
